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d ABSTRACT 
A gear tooth temperature analysis was performed using a finite ele­
ment method combined with a calculated heat input, calculated oil jet im­
pingement depth, and estimated heat transfer coefficients. Experimental
 
measurements of gear tooth average surface temperatures and instantaneous
 
surface temperatures were made with a fast response infrared radiometric
 
microscope. Increased oil jet pressure had a significant effect on both
 
average and peak surface temperatures at both high load and speeds. In­
creasing the speed at constant load and increasing the load at constant
 
speed causes a significant rise in average and peak surface temperatures
 
of gear teeth. The oil jet pressure required for adequate cooling at high
 
speed and load conditions must be high enough to get full depth penetration
 
of the teeth. Calculated and experimental results were in good agreement
 
with high oil jet penetration but showed poor agreement with low oil jet
 
penetration depth.
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NOMENCJATURE
 
b, Hertzian contact width, m (in.) 
cP specific heat, J/kg K (Btu/ib 9F) 
d. oil jet impingement depth, m (in.) 
F effective face width, m (in.) 
e 
f friction coefficient 
h. heat transfer coefficient for lubricated flank of-gear, W/hr m K 
J 
(Btu/hr ft2 oF) 
h 
S 
heat transfer coefficient sides of gear, Wihr m2 K (Btu/hr ft2 oF) 
ht heat transfer'coefficient for unlubricated flank of gear, W/hr m 2 K 
(Btu/hr ft2 oF) 
j heat conversion factor 
k IR microscope constant 
LA line of action length, m (in.) 
m module 
N number of teeth 
N radiance 
Pd diametral pitch module (in - ) 
q heat flux, W/hr (Btu/hr) 
qt total heat generated, W/hr (Btu/hr) 
V rolling velocity, m/sec (ft/sec) 
AV IR microscope measured, Volts 
Vg gear pitch line velocity, m/sec (ft/sec) 
V.3 oil jet velocity, m/sec (ft/sec) 
Vs sliding velocity, m/sec (ft/sec) 
W normal tooth load, N (lb) 
Wt tangential tooth load, N (lb)
 
a. oil jet angle from radial degrees
 
ptemperature coefficient of visqosity
 
E5 dimensionless impingement depth, diPd' m2 (in.)
 
E emissivity
 
q rotation angle revolutions 
e temperature, K (0F)
s 
9 gear rotation angle from tip of tooth to impingement point, rad
 
w 
K thermal conductivity, W/m K (Btu/ft OF)
 
A partition constant
 
v. dimensionless oil jet velocity1 
p density, kg/m 3 (lb/in3 ) 
p1,2 involute radius of curvature, m (in.)
 
1P contact angle, rad
 
W angular velocity, rad/sec
 
INTRODhCTION
 
There are several methods of lubricating and cooling gear teeth.
 
These are splash lubrication, drip feed, air/oil mist, and pressurized oil
 
jet flow. The method of successful lubrication usually depends on the op­
erating conditions. For gears operating 'at moderate to high speed (above
 
5000 rpm) the pressurized oil jet becomes necessary to provide adequate
 
lubrication and cooling and, Lo prevent scoring of the gear tooth surfaces.
 
Scoring is a result of having a too thin elastohydrodynamic (EHD) oil film.
 
This thin EHD film is usually caused by inadequate cooling rather than in­
sufficient lubricant.
 
of the three primary modes of gear tooth failure, scoring is the most
 
common and the most difficult to analyze. A considerable amount of work has
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been done over the past four decades to produce quantitative analysis pro­
cedures to evaluate the risk of scoripg in lubricated gear drives [1,2].
 
For the first 30 years of this time period most of the concentrated effort
 
had to do with developing a procedure to evaluate the incipient onset of
 
the scoring phenomenon. It has only been in the last decade,or so, tat a,
 
concentrated effort has been provided to evaluate the contribution of the­
gear tooth bulk temperature on the scoring phenemonon and to determine its
 
contribution in bringing about the onset of this failure mode [3,4].
 
A computer program was developed using a finite element analysis to
 
predict gear tooth temperatures [5,6]. However, this program did not in­
clude the effects of oil jet cooling and oil jet impingement depth. It used
 
an average surface heat transfer coefficient for surface temperature calcu­
lation based on the best information available at that time.
 
In order to have a better method for predicting gear tooth tempera­
ture, it is necessary to have an analysis that allows fpr the use of a heat
 
tranfer coefficient for oil jet cooling coupled with a coefficient for air/
 
oil mist cooling for that part of the time that each condition exists. Once
 
the analysis can make use of these different coefficients it can be combined
 
with a method that determines the oil jet impingement depth to give a more
 
complete gear temperature analysis program, However, bp h the oil jet and
 
air/oil mist heat transfer coefficients are unknowns and must be determined
 
experimentally.
 
The objectives of the work reported herein were to (a) further develop
 
the gear temperature analysis computer program of [5,6] incorporating dif­
ferent heat transfer coeffi.ciepts for air/oil and oil jet cooling, (b) com­
bine that program with a program developed to determine the impingement
 
depths, and (c) experimentally measure gear tooth temperatures to compare
 
.5 
with those predicted using the improved analysis.
 
APPARATUS ANq PROCEDURE
 
Gear Test 4pparatus
 
Gear tooth temperature measurements were made using the NASA gear test
 
rig (Fig. 1). This test rig uses the four square principle of applying the
 
test gear load so that the input drive needs only to bvercome the frctonal
 
losses in the system. The rig is described more fully in [7] THe.belt K
 
driven test rig can be operated at several fixed speeds by changing pulleys.
 
The operating speeds for the test reported herein were 2500, 7500, and
 
10 000 rpm.
 
The gear surface temperatures were measured with a fast response infra­
red radiometric (IR) microscope (Fig. 2) that uses a liquid nitrogen cooled
 
detector. The IR microscope can measure transient temperatures up to 20 000
 
Hertz. All radiance measurements were made with a lX lens that has a focal
 
length of approximately 23 cm (9 in.) and a viewing spot size of 0.05 cm
 
(0.020 in.) diameter. The test gear-cover, viewing port and lubrication
 
jet as shown in Fig. 3 was used with the IR microscope.
 
Test Gears
 
Dimension of the test gears are shown in Table 1. All gears had a
 
nominal surface finish on the tooth flank of 0.406 micrometer (16 pin.) rms
 
and a standard 20 involute profile without tip relief. The test gears
 
were manufactured from consumable electrode vacuum melted "(CVM) AISI 9310.
 
The gears were case carburized and hardened to a Rockwell C hardness of 60
 
before final grinding of the finished gear.
 
Test Lubricant
 
The test gears were lubricated with a single batch of synthetic par­
affinic oil. The physical properties of the oil are summarized in Table 2.
 
Five percent of an extreme pressure aqditive, designated Lubrizol 5002 (par­
tial chemical analysis, Table II), was added to the lubricant.
 
Test Procedure
 
After the test gears were cleaned to remove the presevative, they were 
assembled on the test rig. The test gears were run in a full face- load. con­
dition on the 0.635 cm (0.250 in.) face width. The dests 7eie run at four 
speeds, 2500, 6000, 7500, and 10 000 rpm; three tangential loads of 1895 
N/cm (1083 lb/in.), 3736 N/cm (2135 b/in.), and 5903 N/cm (3373 lb/in.); 
five oil jet pressures of 96x104 N/m 2 (140 psi), 69X104 N/M 2 (lQO psi), 
41X104 N/im2 (60 psi), 27X104 N/m 2 (40 psi), and 14x104 N/m2 (20 psi); and 
two oil jet diameters of 0.04 cm (0.Q16 in.), 0.08 cm (0.032 in.). Inlet 
oil temperature was constant at 308 K (R50 F). At each speed the lowest 
load was first applied with the maximum oil jet pressure. At this load the 
oil jet pressure was reduced in steps to the lowest pressure before the next 
load was applied. The oil jet was, pointing in a radial direction and hitting 
the unloaded side of the gear tooth as it came out of the mesh zone. The 
0.08 cm (0.032 in.) diameter jet is the size typically used in many applica­
tions for the maximum power conditions used herein. The 0.04-cm (0.016-in.)
 
diameter jet was used to determine what cooling conditions could be obtained
 
with considerably less oil flow And good oil jet impingement depth. The
 
temperature was measured by the IR scope at a location approximately 1600
 
away from the mesh zone.
 
The IR scope operates in two modes. In the DC mode of operation the
 
average surface temperature of the gear tooth was read out on the meter sup­
plied with the IR scope. The scope was calibrated prior to running the
 
tests to determine the emissivity of the gear tooth surface.
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In the AC mode of operation a voltage that varies with surface radiance
 
according to the equation
 
AV = Kc AN (1)
 
was measured from two signals on a dual trace cathode ray oscilloscope (CRO).
 
One signal was from the IR scope directly while the second signal was fil­
tered through a variable band pass filter to remove the 20 millivolt high
 
frequency noise. At the lower loads and at the high oil jet pressures the
 
signal to noise ratio was approximately one.
 
A lX lens which had a focal length of 23 cm (9 in.) was used with the 
IR microscope and looked at a 0.05 cm (0.02 in.) diameter spot. The gear 
tooth surface was viewed by the IR scope as it passed in front of the lens. 
The tip of the tooth is seen first, the view then goes down the tooth sur­
face until it is interrupted by the next tooth. 
GEAR TEMPERATURE ANALYSIS
 
A gear tooth temperature analysis was developed in [5,6) to calculate
 
the gear tooth temperature profile using a finite element analysis. This
 
analysis uses a finite element mesh as shown in Fig. 4 and calculates iso­
therms on the gear tooth. However, the following are required to be deter­
mined or calculated before the program can calculate effective temperatures:
 
(a) the frictional heat input at the gear tooth working surface, (b) the dif­
ferent heat transfer coefficients for the various gear tooth surfaces and
 
cooling methods, and (c) the oil jet penetration onto the gear tooth flank.
 
The frictional heat input to the gear tooth working surface can be
 
calculated using the following analysis. The instantaneous heat generated
 
per unit area, per unit time due to the sliding of the two gear teeth is
 
given by
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fWfVj l fW 'Pl - cn1 2P2f 2
 
(2)
q= bi bj 

where 
= 
W Wt/Fe coscq
 
Since W, Vs, and f are functions of the mesh point location, the q will
 
vary through the meshing cycle. The f varied from approximately 0.02 to
 
0.07 for the cases evaluated. The heat generated will be divided between
 
the gear and pinion and may not be equal withdrawn by each s6 that a parti­
tioning function A is used. The heat withdrawn by the gear and pinion
 
will then be
 
ql = Aq q2 = (I - A)q (3)
 
For the test gears used in this paper A is assumed to be 0.5 so that
 
ql = q 2 (4) 
once the instantaneous heat flux to the gear surface is determined, the
 
total time average heat flow per revolution can be calculated by the follow­
ing equation from [6]
 
bw 1Aq = 2 (1 - A)q 
= V 1 27r V2 27r 
where V I and V2 are the gear and-pinion rolling velocities. Substituting
 
equation (2) into equation (5) gives
 
blAfWmI )
2 (6) 
ql=q 2 V1 lI - 1W 2 
substituting
 
A = 0.5, I 2 I N2 ' and V I = 'lOI 
M, 
=v Nes 
gives
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fW N 1 2 (7)
 
=2 N2 p1 
for the time average heat flux. Using this expression, the instantaneous 
heat flux may be calculated at any position along the line of action by sub­
stituting the instantaneous profile radius, giving the heat input to the 
gear tooth surface at that location. Substituting L - p forp where 
LA = P1 + P2 and using instantaneous notation equation (7).becomes
 
q l 21l - 2; (APil) (8) 
The heat transfer coefficients shown in Fig. 5 for the sides,, topland
 
and flanks of the gear teeth are different because of the different cooling
 
regions. Also, the coefficient for the two flanks will be different depend­
ing on whether they are cooled by the oil jet hitting the surface or if they
 
are air cooled when no jet cooling is present. The beat transfer coefficient
 
for the sides of the gear teeth h can be estimated by the method of [9]

5 
for a rotating disk by
 
h = Nu K(9) 
for air Nu = 0.5. However, the amount of oil mist present will have a con­
siderable effect on this coefficient. The gear tooti flanks not cooled by
 
the oil jet will have a heat transfer coefficient ht for air or air/oil
 
mist. Since there is no data available to determine this coefficient, an
 
estimate somewhere between an air-cooled disk and jet cooling will be used
 
until something better is developed experimentally.
 
-The heat transfer coefficient h. for the tooth face and the tooth Dip

J 
that is jet cooled may be calculated from [4,8] using the following
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2Ltl/4 VO 1/4 bwi/2
bj\m/ Nn7qtot (10)
 
where qtot is a dimensionless factor given in [4,8]. Curve fitting the
 
data from [8] gives
 
qtot = 0.98 - 0.32 y + 0.06 y2 _ 0.004 y3 (11) 
where
 
y = (12)
Pes 

Using the above method for calculating the oil jet heat transfer coefficient
 
gives results that are much too high. This is because theactual thickness
 
of the oil film conducting heat away from the tooth surface is much thinner
 
than those calculated by the above method. For the results presented in
 
this paper, an oil jet heat transfer coefficient was assumed that would give
 
more realistic results. For future work, a more realistic oil jet heat
 
transfer coefficient will be determined based on experimental results re­
ported in this paper and from future Iesting.
 
The oil jet penetration onto the gear tooth flank can be determined by 
the method of [10,11]..-Iowaver, a more 6curate analysis is being developed 
'9 by the authors using a new kinematic'radial model instead of the vectorial 
model used in [10]. The new model gives the oil jet impingement depth for 
radially directed jet as 
v B (N+ 2)cos a (13) 
1 4
 
Using the above equation with a known jet velocity, the angle of rotation is
 
assumed and must be iterated until the angle of rotation and impingement
 
point coincide, since e is a function of 8, and ct. A more usual case
 W I 
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is when a specified design depth 8. is required and the jet velocity is
 
calculated using a known 5. and 0 . Equation (13) is rearranged as
 
45. 
1
V eC(N + 2)cos a (14)
 
Once the heat generation and the oil jet impingement depth have been
 
calculated, the heat transfer coefficients are either calculated or esti­
mated. Then, the finite element analysis is used to calculate the temper­
ature profile of the gear teeth. The finite element model has 108 nodes
 
with triangular elements. The computer program calculates a steady state
 
temperature at all 108 nodes and prints out these temperatures. The pro­
gram also plots temperature isobars on the gear tooth profile and lists
 
the temperatures of the isobars.
 
RESULTS AND DISCUSSION
 
Experimental Results
 
Transient and average gear tooth surface temperatures were measured
 
using a fast response infrared (IR) radiometric microscope. The gear tooth
 
temperatures were measured at four speeds, three loads, five oil jet pres­
sures, and two oil jet diameters. The test gears were 3.2 module (8 pitch),
 
8.89 cm (3.5 in.) pitch diameter with a 0.64-cm (0.25-in.) face width.
 
Figure 6(a) is a typical transient measurement of a gear tooth surface
 
at 7500 rpm, 5903 N/cm (3373 lb/in.) tangential load and 14X104 N/m
2
 
(20 psi) oil jet pressure wiLth a 0.041-cm (0.016-in.) diameter orifice.
 
The change in surface temperature from the gear tooth tip to a point just
 
° 
below the pitch line was 32 K (58 F). The pitch line where pure rolling
 
occurs can be seen by the slight dip in temperature. The highest tempera­
ture is below the pitch line where the combination of high load with some
 
sliding occurs.
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Figure 6(b) is the same load, speed and oil jet size condition but with
 
an oil jet pressure of 97XI04 N/m2 (140 psi) which reduces the maximum tem­
perature difference to 12 K (220 F) with the peak temperature still occur­
ring below the pitch line. The average surface temperature for these con­
ditions was 423 K (302 F) and 391 K (2440 F) for the 14x:10 4Oim2 2 psi)
 
and 97XI04 N/m2 (140 psi) oil pressure, respectively. FigWre'7 is typical
 
of what happens when scoring occurs. Here the peak temperature is at the
 
tip of the gear tooth and has reached a maximum temperature of 508 K
 
(4550 F) or 75 K above the average surface temperature of 433 K (320 F).
 
Scoring temperatures as high as 603 K (6260 F) were measured during the
 
high-load, high-speed tests with reduced oil jet pressure or orifice size.
 
These temperatures would be somewhat lower than those at the contact point
 
since they were measured 160 degrees away from the contact and after oil jet
 
cooling. The scoring conditions occurried only at the 10 000 rpm test condi­
tion with intermediate loads and full or less oil jet impingement depths.
 
Figure 8(a) is a plot of gear tooth average surface temperature (solid
 
line) with the high and low temperatures included (dotted lines) versus oil
 
jet pressure for three speed, an oil-jet diameter of 0.04 cm (0.016 in.) and
 
a load of 5903 N/cm (3373 lb/in?).
 
The high load and high speed with the small jet size could not be run
 
except at the highest pressure because of scoring. From these plots, the
 
effect of different speed at constant load and the effect of oil jet pres­
sure on both average surface temperature and temperature variations can be
 
seen. The increased speed causes a higher surface temperature and higher
 
temperature variations. The oil jet pressure also has a greater effect at
 
the higher speed. The maximum oil pressure needed for a speed is also seen
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by the leveling of the curve at the lower speeds where increased oil pres­
sure causes very little improvement in cooling.
 
Figure 8(b) is the same type plot as Fig. 8(a) except the load is
 
3736 N/cm (2135 lb/in.). The curve for 5000 and 2500 rpm are nearly iden­
tical. The effect of oil jet pressure is considerably reduced because of
 
the lower load. Here the maximum change in average surface temperature is
 
35 K and the maximum surface temperature difference is 45 K at the 13.8X10
4
 
N/2 (20 psi) oil jet pressure.
 
Figure 8(c) is a plot of gear tooth average surface temperature versus
 
oil jet pressure with different loads at a speed of 7500 rpm. This figure
 
shows the effect of load and oil jet pressure on gear tooth temperature at
 
constant speed.
 
Figure 9 is a plot of-load versus gear tooth average surface tempera­
ture for the 7500 rpm condition and three oil jet pressures. The effect of
 
load and oil jet pressure on gear tooth surface temperature is clearly seen.
 
Increasing the pressure from 14x104 N~m2 (20 psi) to 97X104 N/m2 (140 psi)
 
has about the same effect as reducing'the load from 6000 to 2000 N/cm.
 
Figures 10(a) and (b) are plots of average surface temperatures with
 
temperature variations and bulk gear temperature, respectively, versus oil
 
jet pressure for three loads at 10 000 rpm and an oil jet size of 0.08 cm
 
(0.032 in.). With the larger oil jet size the temperatures are reduced
 
considerably from those for the smaller jet size. The bulk temperature of
 
the gear does not increase as much as the average surface temperature. At
 
the lower load and high jet pressure tie surface and bulk temperatures are
 
nearly identical.
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Analytical Results
 
Calculations were made using the analytical program to examine the ef­
fects of calculated heat inputs from the experimental test cases and esti­
mated heat transfer coefficients. The differential temperature profiles
 
are shown in Figs. 11 through 14. The,differential profiles in these fig­
ures are the temperature difference between the inlet cooling oil. and the
 
actual gear tooth temperatures,
 
Matching the analytical predictions with the experimental results is
 
difficult because of different physical conditions existing in the program
 
input and the experiment. The analysis and the tests were planned whereby
 
heat removal was on the working face of the gear tooth. The analysis was
 
completed before the tests were conducted. Initial testing result in oil
 
splashing on the infrared microscope viewing port which prevented meaning­
ful IR temperature measurements. In order to prevent this condition from
 
occurring, the oil jet was directed at the back side of the tooth resulting
 
in cooling of the unloaded side of the gear tooth.
 
Referring to Fig. 11(a) the conditions were 10 000 rpm with a tangen­
tial tooth load of 5903 N/cm (3373 lb,/in.) and an impingement depth of zero.
 
This means that the gear had impingement on the topland only. The lowest
 
° 
level of temperature difference in the gear tooth is 35 K (6i F) at the tip
 
of the tooth. The hot spot is just below the pitch line and is 122 K
 
(2000 F) above the oil jet temperature,. This gives an average surface tem­
perature above oil jet temperature of approximately 79 K (1420 F). The
 
lowest temperature is much cooler than that of similar experimental condi­
tions. However, the hot-spot is only a little cooler than the experimental
 
data which indicates better oil cooling is assumed for the analysis than
 
that obtained experimentally.
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Figure 11(b) is a gear tooth temperature profile for the same condi­
tions as Fig. 11(a) except that the ot1 jet impingement is 87.5 percent of
 
the tooth depth. Here the minimum temperature difference is at the tooth
 
tip of 9 K (160 F) and the highest temperature difference just below the
 
pitch line is 31 K (560 F). This is somewhat cooler than a similar exppri­
mental case as shown in Fig. 10 where the temperature difference for the'
 
maximum temperature is 63 K (1130 F) and the minimum is 49 K'(880 F). The
 
difference between the maximum and minimum temperature is 22 K (4o F) fot
 
the analytical and 14 K (250 F) for the experimental. Here the analytical
 
and experimental are not extremely different indicating a close choice for
 
the analytical oil jet cooling.
 
Figure 12(a) is the analytical gear tooth temperature for operating
 
conditions of 7500 rpm, a tooth load of 5903 N/cm (3373 lb/in.) , and an
 
impingement depth of zero or topland cooling only. Here the lowest temper­
ature difference is also at the tooth tip and is 27 K (49 F) and the hot
 
spot is below the pitch point and is 96 K (1730 F). A similar test condi­
tion is shown in Fig. 8(a) when a small jet diameter was used and the mini­
mum and maximum temperature differences were 101 K (182 F) and 133 K
 
(239 F), respectively. Here again the minimum temperature for the analyti­
cal case is much cooler while the maximum temperature is somewhat closer to
 
that for the experimental case.
 
Figure 12(b) is the tooth temperature profile for the same conditions
 
as Fig. 12(a) except that the oil jet impingement depth is 87.5 percent of
 
the tooth depth. Here the minimum temperature difference between oil jet
 
and gear is 7 K (130 F) at the tip and the maximum temperature difference
 
below the pitch point is 24 K (430 F). The similar test condition is shown 
in Fig. 8(a) where the minimum and maximum temperatures were 51 K (920 F) 
16
 
and 68 K (1220 F) above the oil jet temperature, respectively. As a result,
 
at the lower speed the analytical oil jet cooling is more than that obtained
 
experimentally.
 
Figure 13(a) is the analytical results for an operating condition of
 
7500 rpm, a tangential tooth load of 1895 N/cm (1083 lb/in.) and an im­
pingement depth of zero. The minimum temperature difference betweSn the oil
 
jet and tooth temperature is at the tooth tip and is 16 K (290 F) while the
 
maximum temperature of 50 K (900 F) is below the pitch point. The similar
 
test conditions shown in Fig. 8(c) give a minimum temperature difference of
 
67 K (1210 F) and a maximum temperature difference of 120 K (2160 F) be­
tween oil jet and gear tooth temperatures. The temperature difference be­
tween the analytical and experimental case is still considerably different
 
at this lower load and speed.
 
Figure 13(b) is the same condition as Fig. 13(a) except for the oil jet
 
impingement depth of 87.5 percent of the tooth depth. The minimum and max­
imum oil jet to gear tooth temperatures of 4 K (70 F) and 12 K (220 F) are
 
considerably cooler than the experimental minimum and maximum oil jet to
 
gear tooth temperature of 38 K (68 F) and 47 K (850 F), respectively,
 
shown in Fig. 8(c).
 
Considering the differences.in the analytical and experimental methods
 
of cooling the gear teeth and the estimation used to obtain heat transfer
 
coefficients, the difference between the analytical and experimental results
 
are not unreasonable. Additional work with experimental and analytical gear
 
tooth cooling should resolve these differences without much difficulty.
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SUMMARY OF RESULTS 
A gear tooth temperature analysis was performed using a finite,element
 
method combined with a calculated heat input, a calculated oil jet impinge­
ment depth and estimated heat transfer coefficients for the-different parts
 
of the gear tooth that are oil cooled and air cooled. Experqenal me­
surements of gear tooth average surface temperature and gear tooth instan­
taneous surface temperature were made with a fast response, infrared tadio­
metric microscope. The following results were obtained.
 
1. Increased oil pressure has a significant effect on both average sur­
face temperature and peak surface temperature at loads above 1895 N/cm (1083
 
lb/in.) and speeds of 10 000 and 7500 rpm.
 
2. Increased speed from 5000 to 10 000 rpm at constant load and increased
 
load at constant speed causes a significant rise in the average surface tem­
perature and the instantaneous peak surface temperatures on the gear teeth.
 
3. The oil jet pressure required to provide the best cooling for gears
 
is the pressure required to obtain full gear tooth penetration depth.
 
4. Calculated results for gear tooth temperatures were reasonably close
 
to experimental results for high oil jet penetration depths but was signif­
icantly different for low oil jet penetration depths.
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TABLE 1. - SPUR GEAR DATA 
[Gear tolerance per ASMA class 12.] 
Number of teeth ........... ................................... 28
 
Diametral pitch ......... ..................................... 8
 
Circular pitch, cm (in.).............. . .. ............... 0.9975 (0.3927)
 
Whole depth, cm (n.) . . ......... ............. . . . . 0.762 (0.300)
 
Addendum, cm (in.) ...... ........................... ... 0.318 (0.125)
 
Chordal tooth thickness reference, cm (in.) .................... 0.485 (0.191)
 
Pressure angle, deg ................... . ........ : ....... . . .. 20
 
Pitch diameter, cm (in.) .... .... ................ . . . 8..890 (3.500),
 
Outside diameter, em (in.) . ... . ...... ..... .. . ... ..... 9.525 (3.750)
 
Root fillet, cmr (in.) ............. ............. 0. 102 to'0. 152 (0.04 to 0.06)
 
Measurement over pins, cm(in.)..... ...... 9.603 to 9.630.(3.7807 to 3.7915)
 
Pin diameter, cm (in.) .... . ....... ... . ........ ... 0.549 (0.216)
 
Backlash reference, cm (in.) ............ . ......... ... 0.0254 (0.010)
 
Tip relief, cm (in.) ......... .............. ............... ... 0.00
.. 
TABLE 2. - LUBRICANT PROPERTIES 
Property Synthetic 
paraffinic oil 
plus additivesa 
Kinematic viscosity, cm/sec (cs) at: 
-
244 K (-20' F) 2500xi0 2 (2500) 
311 K (100' F) 31.6x10 - 2 (31.6) 
-
372 K (2100 F) 5.7x10 2 (5.7)­
477 K (400' F) 2.0x10 - 2 (2.0) 
Flash point, K OF) 508 (455) 
Fire point, K OF) 533 (500) 
Pour point, K OF) 219 (-65) 
Specific gravity 0.8285 
Vapor pressure at 311 K (1000 F), 0.1 
mm Hg (or torr) 
Specific heat at 311 K (1000 F), 676 (0.523)
J/ kg)(K) (B~tu/(Ib)O°F)) ,..I 
aAdditive, Lubrizol 5002 (5 percent volume): phosphorus, 
0.03 percent volume; sulfur, 0.93 percent volume. 
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Figure L.- NASA Lewis Research Center's gear fatigue test apparatus. 
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Figure 2. -Simplified functional diagram, infrared radiometric microscope. 
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Figure 3. - Test setup for measuring dynamic gear tooth 
surface temperature. 
hj 
ht. hht h tht 
i 

, 
 hs
 
11 
z 
h s h ;,ht DEFIN ITION OF 
HEAT TRANSFER ZONES 
Figure 4. - Finite element mesh. Figure 5. - Geometry of problem. 
-X 
OS 
M,, 
2(a)14x1 4 N/m 2(psi), 0.05 V/div. 
Figure 7. 1.R.microscope measurements of 
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speed 10 000 rpm load 5903 N/cm (3373 lb/in. 
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Figure 6. - I. R. microscope measurements of
 
gear tooth surface temperature, speed;
 
7500 rpm load 5903 N/cm (3373 lb/in. ) inlet
 
oil temperature 308 K (950 F)oil jet diam­
eter 0.04 cm (0.016 in.).
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Figure 8. - LR. microscope measurements of gea" surface tem­
perature versus oil jet pressure, inlet oil temperature 308 K(950 F), oil jet diameter 0.p4 cm (0.016 in.). 
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Figure 9. - I. R. microscope measurement of gear average surface 20 40 60 80 100 120 140 
OIL JET PRESSURE, lb/in.2temperature versus load for three oil jet pressures, speed 7500 O .P 1
 
rpm, oil jet diameter 0.04 cm (0.016 in. ) inlet oil temperature (b)BULK TEMPERATURE.
308 K(950 F). Figure 10. - I. R. microscope and thermocouple measurement of 
gear temperature versus oil jet pressure for three loads, speed 
10 000 rpm, oil jet diameter 0.08 cm (0.032 in.). Inlet oil 
308 K (950 F). 
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Figure 13. - Calculated gear tooth temperatures, speed 7500 rpm, load 1895 N/cm
f(1083 IbAn. I. 
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